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(54) Method for regeneration of the exhaust filter of an internal combustion engine 



(57) The invention relates to a method to control the 
regeneration of an exhaust filter by raising the temper- 
ature of tne exhaust gas above a given threshold. The 
regeneration may especially consist in burning the load 
of a diesel particulate filter. It is executed each time cer- 
tain conditions are met, e.g. a certain amount of load 
has accumulated in the filter. According to the invention, 



the normal initiation of such a regeneration is advanced 
if the temperature of the exhaust gas is relatively high, 
and delayed if the temperature of the exhaust gas is rel- 
atively low. Thus fuel economy is increased due to the 
exploitation of already favourable conditions and the 
avoidance of unfavourable conditions for a regenera- 
tion. 
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Description 

[0001] The present invention relates to a method for 
regeneration of an exhaust filter located in the exhaust 
pipe of an internal combustion engine, comprising the 5 
step of raising the temperature of the exhaust gas above 
a given temperature threshold if conditions indicating 
the need for a filter regeneration are met. Moreover, the 
invention relates to a system for regeneration of an ex- 
haust filter located in the exhaust pipe of an internal 10 
combustion engine comprising means to determine 
conditions indicating the need for a filter regeneration 
and means to raise the temperature of the exhaust gas. 
[0002] Exhaust filters are used in the exhaust systems 
of internal combustion engines to reduce noxious emis- 15 
sions of the engine. Diesel particulate filters (DPF) are 
used for example in diesel engines to trap and remove 
diesel particulate matter which is primarily formed of car- 
bon based material. As the engine exhaust passes 
through the DPF, the particulates are trapped in the filter 20 
and accumulate over time. This leads to an increase in 
the resistance of the exhaust gas flow through the DPF, 
and therefore to an increase in the backpressure on the 
engine. This increase in backpressure has an adverse 
effect on engine operation and especially on fuel con- 25 
sumption. In order to reduce backpressure to accepta- 
ble levels, the DPF is periodically regenerated by burn- 
ing off the accumulated particulates, most of which are 
combustible. Also, the amount of trapped particulate 
mass must be kept below a critical threshold so as to 30 
avoid thermal damage to the filter during regeneration. 
juuG3j Several methods and devices have been de- 
veloped in order to determine the correct point in time 
for the regeneration of an exhaust filter. Many of these 
try to estimate the load of the particulate filter, e.g. by 35 
measurement and comparison of the pressures before 
and after the filter (cf. JP 8326523 A). 
[0004] Moreover, different methods to raise the tem- 
perature of the exhaust gas to the required level for re- 
generation are known. Among these are methods that 40 
increase engine load by switching on electrical loads or 
by the decreasing of manifold pressure. For more details 
see EP 10 81 347 A1 (198-1101). 
[0005] An inherent drawback of all known methods of 
forced regeneration by increase of exhaust gas temper- 45 
ature is the associated additional fuel consumption. 
[0006] It is therefore an object of the present invention 
to provide a method and a device for the regeneration 
of an exhaust filter that achieve a better fuel efficiency. 
[0007] This object is achieved by a method according so 
to claim 1 and a system according to claim 6. Preferred 
embodiments of the invention are disclosed in the de- 
pendent claims. 

[0008] The proposed method for the regeneration of 
an exhaust filter located in the exhaust pipe of an inter- 55 
nal combustion engine comprises the step of raising the 
temperature of the exhaust gas above a given temper- 
ature threshold if conditions indicating the need for a fil- 



ter regeneration are met. The method is characterised 
in that the raising of the temperature is initiated in ad- 
vance if the actual temperature of the exhaust gas is 
higher than normal and/or if it is increasing. The refer- 
ence value of a "normal" temperature has to be defined 
appropriately, e.g. as the average temperature at medi- 
ate or low engine load. 

[0009] According to the proposed procedure, the re- 
generation is initiated earlier if the actual temperature is 
already higher than the temperature that can normally 
be expected at the initiation of a regeneration cycle. 
Thus, the available high temperature is exploited and 
fuel can be saved. Moreover, the difference between the 
modes of operation with and without regeneration will 
be smaller, and therefore the regeneration will have a 
smaller impact on drivability of the vehicle. 
[0010] Preferably there will be a mutual dependence 
between the temperature of the exhaust gas and the de- 
gree to which the condition for regeneration is fulfilled, 
i.e. the higher the temperature the weaker the condition 
may be and vice versa. 

[0011] Alternatively or additionally to the mere tem- 
perature value of the exhaust gas, the direction of 
change of the temperature may be evaluated. I.e. if tem- 
perature raises, regeneration may be advanced more, 
and if temperature decreases, regeneration may be ad- 
vanced less. This procedure takes into account the tem- 
rmrgture deve!o n ment and the tem n erature that can be 
expected during the regeneration cycle. 
[0012] According to a second aspect of the invention, 
a method for the regeneration of an exhaust filter located 
in the exhaust pipe of an internal combustion engine is 
provided that comprises the step of raising the temper- 
ature of the exhaust gas above a given temperature 
threshold if conditions indicating the need for a filter re- 
generation are met. The method is characterised in that 
the raising of the temperature is initiated with delay if 
the actual temperature of the exhaust gas is lower than 
normal and/or if it is decreasing. The reference point of 
a "normal* temperature has again to be defined appro- 
priately, e.g. as the average temperature at medium or 
low engine load. 

[0013] Thesecond method achieves the same advan- 
tages as the first, but in a complementary way. Instead 
of exploiting an advantageous high temperature of the 
exhaust gas, the second method avoids a disadvanta- 
geous low temperature of the exhaust gas as the start- 
ing point of a regeneration process. Thus fuel can be 
saved that would normally be necessary to increase the 
temperature from its actual low level to the normal level. 
Moreover, the delay of the regeneration avoids an ex- 
tremely large change in the operation mode of the en- 
gine which may have a negative impact on drivability. 
[0014] Preferably there will be a mutual dependence 
between the temperature of the exhaust gas and the de- 
gree to which the condition for regeneration is fulfilled, 
i.e. the lower the temperature the more the condition 
must be fulfilled in order to initiate regeneration and vice 
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versa. 

[0015] Alternatively or additionally to the mere tem- 
perature value of the exhaust gas, the direction of 
change of the temperature may be exploited. I.e. if tem- 
perature decreases, regeneration may be delayed 5 
more, and if temperature raises, regeneration may be 
delayed less. This takes into account the temperature 
development and the temperature that can be expected 
during the regeneration cycle. 

[0016] Preferably the two methods explained above 10 
are combined. This means that at a temperature above 
a normal level regeneration is advanced, while at a tem- 
perature below a normal level regeneration is delayed. 
No change in the timing of the regeneration is made at 
the normal temperature level itself. Besides this, the di- *5 
rection and magnitude of change of the actual temper- 
ature of the exhaust gas can be observed, i.e. the ad- 
vancement of regeneration can be increased or its delay 
can be reduced if temperature raises, and the advance- 
ment of regeneration can be reduced or its delay can be 20 
increased if temperature falls. 

[0017] There are many different ways to determine 
the point in time when the regeneration of an exhaust 
filter becomes necessary. In the simplest case, regen- 
eration may be initiated periodically after a certain time 25 
interval has elapsed. According to a preferred embodi- 
ment of the invention, the condition indicating the need 
for g filter regeneration Is defined b x/ the Pressure differ- 
ence across the exhaust filter, i.e. the backpressure due 
to the clogging of the filter. Such a pressure drop can 30 
readily be determined and yields a quantifiable indica- 
tion of filter load. 

[0018] Alternatively, the condition indicating the need 
for a filter regeneration may be defined by the estimated 
load of the exhaust filter. This load may be calculated or 35 
estimated with the help of procedures that rely on the 
observation of different engine parameters and that are 
well known in the art. 

[0019] The decision to initiate the raising of the tem- 
perature of the exhaust gas in order to start regeneration 40 
is preferably taken with the help of fuzzy logic calcula- 
tions. Fuzzy logic is a mathematical framework for the 
implementation of verbal rules that are based on un- 
sharp or fuzzy statements like "the temperature is high" 
or "the need for a regeneration process is low". Fuzzy « 
logic quantifies these statements with the help of mem- 
bership functions that assign values between 0 and 1 to 
these statements according their degree of fulfilment. 
After such a quantification, fuzzy logic allows to calcu- 
late with the statements and to evaluate complex ex- 50 
pressions such as "the higher the actual temperature, 
the more should regeneration be advanced". 
[0020] Alternatively, it may be implemented (in crisp 
logic) with the help of three lookup tables. The exhaust 
gas temperature, its derivative and the filter load can be 55 
translated into signals between 0 and 1. For instance, 
the temperature could be translated as: 0 below 200°C, 
a ramp from 0 to 1 between 200° C and 500° C, and 1 



above 500°C. The outputs of these lookup tables are 
then seemed and if the seem exceeds, the value of 1 
regeneration is started. 

[0021] The present invention also comprises a sys- 
tem for the regeneration of an exhaust filter located in 
the exhaust pipe of an internal combustion engine, the 
system comprising: 

means to determine conditions that indicate the 
need for a filter regeneration; 

means to raise the temperature of the exhaust gas 
in order to initiate and execute a regeneration proc- 
ess in the filter; 

means to determine the actual temperature of the 
exhaust gas; and 

a controller adapted to execute a method as de- 
scribed above. 

[0022] The controller of the system is communicative- 
ly coupled to said different means and collects informa- 
tion about the actual temperature of the exhaust gas and 
the need for a regeneration process. It can initiate a re- 
generation by commanding a raise in temperature of the 
exhaust gas. The controller decides to start a regener- 



methods mentioned above, i.e. it advances such a start 
if temperature of the exhaust gas is already high and/or 
increasing, and/or the controller delays such a start if 
temperature of the exhaust gas is presently low and/or 
decreasing. In this way, the proposed system achieves 
considerable fuel savings. 

[0023] The internal combustion engine of the system 
is preferably a diesel engine, while the exhaust filter is 
a diesel particulate filter (DPF). A DPF has to be regen- 
erated or purified from time to time which is done by 
burning the collected combustible particles, the com- 
bustion being initiated by an increase in exhaust gas 
temperature. 

[0024] The means to determine conditions indicating 
the need for a filter regeneration may comprise pressure 
sensors located upstream and downstream of the ex- 
haust filter. In this way two relatively simple sensors suf- 
fice to provide a quantifiable indication of filter load 
based on the pressure difference across the exhaust fil- 
ter, i.e. the backpressure due to the clogging of the filter. 
[0025] The means to determine the actual tempera- 
ture of the exhaust gas may comprise a temperature 
sensor located in the exhaust pipe of the internal com- 
bustion engine, preferably upstream or downstream 
near the exhaust filter. In many cases, such a sensor 
will already be available for other purposes of engine 
control. 

[0026] The controller of the system is preferable a pro- 
grammable microprocessor. A microprocessor allows 
the flexible implementation of a control strategy as its 
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behaviour is primarily determined by the software. 
Moreover, the microprocessor may be charged with oth- 
er control tasks, too. The microprocessor may also be 
the engine control unit (ECU) that controls the whole en- 
gine behaviour. 5 
[0027] In the following, a preferred embodiment of the 
invention will be described with reference to the accom- 
panying drawing. The only figure shows the parameter 
regions corresponding to the decisions to regenerate or 
not according to the present invention. 10 
[0028] As an example, a diesel engine with a diesel 
particulate filter (DPF) is considered, though the present 
invention is not restricted to such cases. A DPF collects 
the soot emitted from a diesel engine. As a result of the 
carbon build-up in the filter, the backpressure raises 15 
over time. The filter needs to be regenerated from time 
to time, i.e. particulate mass needs to be oxidised in or- 
der to keep the fuel economy penalty associated with 
increased backpressure to a minimum. Also, the 
amount of trapped particulate mass must be kept below 20 
a critical threshold so as to avoid thermal damage to the 
filter during regeneration. On the other hand, forcing a 
regeneration, i.e. increasing exhaust gas temperature 
beyond normal operating temperatures, imposes a fuel 
economy penalty as well. Therefore, the point at which 25 
a regeneration is to be forced should be chosen judi- 
ciously. 

[0029] The system proposed here consists of an en- 
gine fitted with a particulate filter, and the engine control 
unit (ECU) containing the control strategy for the engine. 30 
Part of this control strategy is a DPF load estimation al- 
gorithm which monitors the degree to which the DPF has 
filled with particulate matter. There are different possi- 
bilities for the implementation of such an algorithm. Ac- 
cording to one such algorithm, the flow through the DPF 35 
is modelled with a valve equation or with another similar 
equation in which the effective area depends on the DPF 
load. The load therefore can be reconstructed by ma- 
nipulation of this equation. This method offers the ad- 
vantage that the signal describing the state of the DPF 40 
is independent of the engine operating condition. The 
required sensors can be reduced to two by reconstruct- 
ing the signals from existing signals and first principles. 
[0030] In another method for determining the load of 
a diesel engine exhaust particulate filter the portion of 45 
the filter load constituted by accumulated ash is deter- 
mined. In one technique, the ash load is determined by 
recording the lowest value of DPF load over a time in- 
terval. In another technique, an estimate is made of the 
amount of load remaining at each of a plurality of DPF 50 
regeneration events; the amount of remaining load im- 
mediately following the regeneration event corresponds 
to the amount of accumulated ash in the DPF. DPF load 
estimation is performed using equations for laminar or 
turbulent flow in pipes. These equations establish a lin- 55 
ear or quadratic relationship between the flow through 
the DPF and the pressure drop measured across it. In- 
stead of considering the estimated DPF load, other 



quantities equally indicative of the degree of clogging of 
the filter could be used, such as normalised backpres- 
sure, filter effective flow area, etc. 
[0031] Different strategies may be used to initiate the 
regeneration by increasing exhaust gas temperature. 
One such strategy includes the step of calculating a tar- 
get engine operational parameter (target intake mani- 
fold pressure, target intake manifold mass air flow, or 
target air/fuel ratio) as a function of engine speed and 
load. The strategy further includes the step of calculat- 
ing a commanded position for a throttle valve disposed 
in the intake manifold of the engine. The commanded 
position is calculated responsive to the target engine op- 
erational parameter and a measured engine operational 
parameter, which is one of the following parameters: a 
measured intake manifold pressure, a measured intake 
manifold mass air flow, or a measured air/fuel ratio. The 
strategy further includes the step of controlling the throt- 
tle valve responsive to the commanded position to con- 
trol the exhaust gas temperature of the engine, and the 
step of setting a commanded engine speed to a prede- 
termined speed to further control the exhaust gas tem- 
perature. Finally, the strategy includes the step of inject- 
ing a predetermined amount of fuel into one of the cyl- 
inders of the engine late in a power stroke of the one or 
more cylinders to further control the exhaust gas tem- 
perature. 

[0032] Another part of the present invention is the im- 
proved algorithm for determining when to initiate a 
forced filter regeneration. Usually, one would define a 
threshold for the DPF load and initiate (force) a regen- 
eration when the estimated particulate mass in the filter 
exceeds a certain number of grams per litre of filter vol- 
ume. What is proposed instead is to make this threshold 
a function of current engine operating conditions, in par- 
ticular, a function of exhaust gas temperature. If the ex- 
haust gas temperature is already fairly close to the point 
at which a regeneration could occur, then it would be 
appropriate to increase the exhaust gas temperature 
slightly in order to initiate a regeneration, even if the filter 
is only partially loaded. If the filter is only partially loaded 
and the exhaust gas temperature is rather low, then 
nothing should be done. 

[0033] On the other hand, if the filter is loaded to a 
critical level, the regeneration should be initiated regard- 
less of current exhaust gas temperatures. 
[0034] Finally, in the "grey area" in between, the re- 
generation could be initiated if the exhaust temperature 
is close to the threshold and increasing. 
[0035] Using terminology of fuzzy logic, the "dynamic 
threshold strategy" could be described by the diagram 
of the accompanying figure as follows. 
[0036] The temperature levels "low", "medium", and 
"high" in this diagram are defined relative to the temper- 
ature needed for regeneration. The assignment of a giv- 
en actual temperature to the different levels is done with 
appropriately chosen fuzzy logic membership functions. 
The DPF load intervals "very low", "low", "medium", 
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"high", and "too high" are defined relative to the critical 
loading level. The assignment of a given load condition 
to the different levels is again done with appropriately 
chosen fuzzy logic membership functions. 
[0037] Next, fuzzy rules like 

"IF the actual temperature is low AND the DPF load is 
medium, THEN do not force regeneration" 
are evaluated on the basis of the actual data for temper- 
ature and DPF load. This mainly leads to the depicted 
division of the parameter space along the hatched diag- 
onal, the diagram having an upper area, where regen- 
eration is initiated, and a lower area, where regeneration 
is not forced. On the hatched stripe that divides the up- 
per from the lower area, the decision to start regenera- 
tion or not depends on the direction of change of the 
actual temperature. Namely, if temperature raises in this 
area, regeneration will be initiated, and if temperature 
falls in this area, regeneration will be delayed. 
[0038] Again, it should be made clear that the strategy 
can be implemented in crisp logic as well, as described 
on page 6. 



Claims 

1 . A method for regeneration of an exhaust filter locat- 
ed in the exhaust pipe of an internal combustion en- 
gine, comprising the step of raising the temperature 
of the exhaust gas above a given temperature 
threshold if conditions indicating the need for a filter 
regeneration are met, characterised in that the 
raising of the temperature is initiated in advance if 
the actual temperature of the exhaust gas is higher 
than normal and/or increasing. 

2. A method for the regeneration of an exhaust filter 
located in the exhaust pipe of an internal combus- 
tion engine, comprising the step of raising the tem- 
perature of the exhaust gas above a given temper- 
ature threshold if conditions indicating the need for 
a filter regeneration are met, characterised in that 
the raising of the temperature is delayed if the actual 
temperature of the exhaust gas is lower than normal 
and/or falling. 

3. The method according to claim 1 or 2, wherein the 
conditions indicating the need for a filter regenera- 
tion are defined by the pressure difference across 
the exhaust filter. 

4. The method according to one of claims 1 to 3, 
wherein the conditions indicating the need for a filter 
regeneration are defined by the estimated load of 
the exhaust filter. 

5. The method according to one of claims 1 to 4 where- 
in the decision to initiate the raising of the temper- 
ature of the exhaust gas is taken with the help of 



8 

fuzzy logic calculations based on membership func- 
tions for the condition indicating the need for a filter 
regeneration and for the actual temperature of the 
exhaust gas. 

5 

6. A system for the regeneration of an exhaust filter 
located in the exhaust pipe of an internal combus- 
tion engine, comprising 

10 a) means to determine conditions indicating the 

need for a filter regeneration; 

b) means to raise the temperature of the ex- 
haust gas; 

15 

c) means to determine the actual temperature 
of the exhaust gas; and 

d) a controller adapted to execute a method ac- 
20 cording to one of claims 1 to 5. 

7. The system according to claim 6, wherein the inter- 
nal combustion engine is a diesel engine and the 
exhaust filter is a diesel particulate filter. 

25 

8. The system according to claims 6 or 7, wherein the 
means to determine conditions indicating the need 
for a filter re n eneration comprise pressure sensors 
located upstream and downstream of the exhaust 

30 filter. 

9. The system according to one of claims 6 to 8, 
wherein the means to determine the actual temper- 
ature of the exhaust gas comprise a temperature 

35 sensor located in the exhaust pipe of the internal 
combustion engine. 

10. The system according to one of claims 6 to 9, 
wherein the controller is a programmable micro- 

40 processor. 
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